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Dear Sir,

We would like to thank reviewers for the interest and attention to our 

manuscript, as well as for useful remarks.

We forward you our correction according to remarks of reviewers. 

The file with corrections marked with color is attached.

Reviewer 1

1). Sub-section 2.2 – The authors did not give the data regarding the 

bioluminescence kinetics. They are not provided anywhere throughout the 

manuscript.

Reply: 

The following phrase was added and marked in the manuscript:

Sub-section 2.2 – fifth paragraph – “The bioluminescence kinetics 

measurements went on for 52 h until the bioluminescent intensity in the control 

samples decreased to 20% of the initial one. Measurements of the bioluminescence 

intensity were carried out using standard procedure (Kuznetsov et al., 1996; 

Kudryasheva et al., 1998).” 

2). The ROS species (O2
-, H2O2, HO°) are obtained in the experiment by the 

dosage of H2O2, but the dosage of O2
- and HO° is not carried out and is important. 

Besides, the correlation factors between concentrations of O2
- and HO° and 

concentration of H2O2 are not given.

Reply:

To evaluate changes of ROS content we used chemiluminescence luminol 

method. It is based on measuring the chemiluminescence intensity which can be 

considered as a rate of the chemiluminescent reaction, being proportional to the ROS 

concentration. The aim of our study is concerned with evaluation of the CHANGES 

of ROS content under variation of external conditions (HTO concentration, time of 

exposure in bacterial or bacteria-free media), and the luminol reaction is just a proper 

tool for this evaluation due to simplicity and high rate of luminescence registration. 

This method evaluates integral content of ROS in relative units, and this is sufficient 

to follow the aim of the current study. Absolute values of different ROS species in 



solution is a very delicate question, in biological (not model) systems particularly. 

Balance of the different ROS species is variable; it depends on a lot of factors 

(internal and external) and requires a special consideration. This can be interesting 

continuation of the current work with another purpose and additional experimental 

methods. Additionally, it should be noted that application of spectral methods to 

study ROS species in biological systems (not model) can be problematical.

3). Internally, ROS species are produced inside the bacteria, by the interaction 

of HOT with the molecular structures existed in the bacteria. Externally, the ROS 

species are produced in the exterior of the bacteria by the interaction with HTO.

Reply: 

Really, mechanisms of low-dose effects are not simple. Evidences for this are 

the following: (a) Previously, we showed that tritium can activate bacterial 

bioluminescence without its penetration to the bacterial cells; these results were 

concerned with “intensification of trans-membrane cellular processes stimulated by 

ionization and radiolysis of aqueous media” (Rozhko et al., 2016) (Section 3.1 – 

paragraph 3); (b) addition of tritiated water does not increase ROS in water solutions 

noticeably – this is discussed below (remark 4). 

4). Sub-section 3.1 – fifth paragraph – “Hence, ROS, which are constantly 

produced by the bacterial cells in the processes of their aerobic functioning, are 

proper candidates for intercellular messengers in the lowintensity tritium 

environment.”  ROS can be produced not only by the bacterial cells, but in the water 

environment where the bacteria live, also.

Reply:

It is very important point. We supposed the same previously. However, we 

confirmed previous results (Selivanova et al., 2013) and showed in this study, that 

addition of tritiated water does not increase ROS in water solutions. 

We added the following phases: 

Sub-section 3.1 – fifth paragraph - “Since low-intensity tritium exposure does 

not increase noticeably the ROS content in bacteria-free media (Selivanova et al., 

2014), non-biological production of ROS can be hardly responsible for this effect. 



This aspect of ROS production will be discussed in the next sections.”

Sub-section 3.2 – third paragraph – “Figure 2 demonstrates that addition of 

HTO to 3% NaCl solution did not increase amount of ROS at three HTO 

radioactivities used (0.03, 4, and 500 MBq/L); the ROS content was low in all 

radioactive and non-radioactive NaCl solutions (compare Fig.2A and Fig.2B).”

We pay attention to the following positions:

Sub-section 3.3 – third paragraph – “Since the rates of ROS production in 

bacteria-free HTO are low….”

Sub-section 4. Conclusion– last paragraph – “The mechanism of tritium 

influence on aquatic biota can be concerned with secondary processes, i.e. 

production of excess amount of ROS by microorganisms due to intensification of 

their cellular metabolic processes.”

5). Fig. 2 – The concentration of ROS species is given as 10 – 30 x 107 M. 

Please, correct. It must be 10 – 30 x 10-7 M. 

Reply: We corrected Axis title in Fig.2.

Reviewer 2

Introduction: Composition of ROS group should be proper to consider just 

after first mentioning.

Reply: Corrected.

The following phrases should be corrected:

Section 3.1.

‘Activation of the bacterial bioluminescence by tritium was demonstrated in 

several experiments.’ Instead of: ‘Activation of the bacterial bioluminescence by 

tritium was demonstrated in many experiments’.

Reply: Corrected.



 ‘Such a low value of par-ions per cell suggests a specific mechanism of 

tritium influence on the cells.’ Instead of: ‘Possibility of such a low value of par-

ions per cell suggests a specific mechanism of tritium influence on the cells.’

Reply: Corrected.

‘Probably, products of tritium decay can function as “triggers” of 

intensification of metabolic oxygen-dependent processes in several cells and 

intracellular ROS production. ‘Instead of: ‘Probably, products of tritium decay can 

be considered as “triggers” for intensification of metabolic oxygen-dependent 

processes in several cells and intracellular ROS production.

Reply: Corrected.

Section 3.3.

‘…so we can suppose that the same probabilistic character processes are 

responsible for..’Instead of: ‘…so we can suppose that processes of the same 

probabilistic character are responsible for…’ 

Reply: Corrected.

‘Trigger function of products of tritium decay in bacterial metabolic oxygen-

dependent processes,’ Instead of: ‘Trigger function of products of tritium decay for 

bacterial metabolic oxygen-dependent processes.’

Reply: Corrected.



ROS content in bacteria-free tritiated water is low

Increase of bacterial luminescence and ROS content were found in tritiated 
water

Bacterial luminescence intensity and ROS production in tritiated water are 
related 

Bioluminescence and ROS content don’t depend on tritium activity 
concentration

ROS are signaling particles in bystander effect for bacterial aqueous suspensions



ABSTRACT

The paper continues study of exposures of luminous marine bacteria to low-dose radiation of 

tritium; tritiated water (HTO) was applied as a source of the irradiation. Hypothesis on involvement of 

Reactive Oxygen Species (ROS) to signaling mechanism of bacterial cells under exposure to low-

intensity tritium radiation was verified. Bacterial bioluminescence intensity was considered as a tested 

physiological parameter; it was compared to the ROS production in the bacterial environment of 

different activity concentrations: 0.03, 4.0, and 500 MBq/L. Exposure of the bacteria to chronic low-

dose tritium irradiation (<0.08 Gy) increased bioluminescence intensity and ROS production 

considerably (up to 300%). Spearman rank correlation coefficients were calculated and confirmed 

relations between the bioluminescence intensity and ROS production. Additional peculiarities of HTO 

effect were: independence of the bioluminescence intensity and ROS content on HTO activity 

concentration; low ROS content in bacteria-free aquatic environment. Effects of HTO on bacterial 

bioluminescence were attributed to: (1) trigger function of tritium decay products in the bacterial 

metabolic oxygen-dependent processes, with bioluminescence involved; (2) signaling role of ROS as 

intercellular messengers in “bystander effect”; (3) fixed amount of bacterial cells (3•107 cells/mL) 

provided an upper limits of the bioluminescence intensity and ROS content. As an outlook, in spite of 

low energy of tritium decay, its influence on aquatic biota via ROS production by microorganisms 

should be taken into consideration.

Keywords: tritium, low-dose effect, luminous marine bacterium, reactive oxygen species, 

radiation hormesis, bystander effect, signaling molecules
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1. Introduction

Biological effects of low-dose exposures are currently of special interest due to expansion of 

areas with low-intensity radioactive contaminations. Products of radioactive decay of the contaminants 

can impact on conjugated chemical and biological processes in natural ecosystems, resulting in 

changes of natural balance in ecosystem overall.

Biological effects of low-dose radiation are currently associated with production of Reactive 

Oxygen Species (ROS) (Matsumoto et al., 2007; Smith et al., 2013). It is known that radionuclides 

produce ROS in water solutions (Selivanova et al., 2014; Alexandrova et al., 2011; Azzam et al., 2012) 

as a result of water radiolysis in the presence of dissolved molecular oxygen. On the other part, ROS 

are products of natural metabolism of aquatic organisms (Brynildsen et al., 2013; Ezraty et al., 2017). 

Complex interrelations take place between the ROS production and changes of physiological functions 

of organisms in radioactive solutions. Low-dose irradiation of organisms is of special interest, as it can 

activate physiological functions, along with their suppression – effect of “radiation hormesis” 

(Calabrese, 2018; Jargin, 2018; Shibamoto and Nakamura, 2018). 

ROS are unstable highly-reactive compounds, products of incomplete oxygen reduction; they 

are continuously generated, changed and consumed in all living organisms as a result of their aerobic 

functioning. Group of ROS includes superoxide anion (O2•−), hydrogen peroxide (H2O2), hydroxyl 

radicals (OH•) and others (Ezraty et al., 2017). Traditionally, ROS are considered as initiators of 

oxidative stress and damage, which lead to deterioration of tissues and organs, aging and diseases 

(Aprioku, 2013; Hybertson et al., 2011; Ezraty et al., 2017; Imlay, 2013). Nevertheless, a lot of studies 

do not support this hypothesis for organisms exposed to low-dose chronic radiation, typical of 

contaminated environments (Smith, et al., 2012). Data exist on positive ROS contribution to 

physiology. It has been shown that at low and moderate doses, ROS contribute to the regulation of 

vital physiological functions (Winterbourn, 2008; Alfadda and Sallam, 2012); they are responsible for 

proliferation, migration, differentiation, and metabolism (Griendling et al., 2016; Suzen et al., 2017). It 

should be noted that ROS serve as both intra- and intercellular messengers (Hancock et al., 2001; 

Kashmiri and Mankar, 2014) and initiate a cellular protective response (Matsumoto et al., 2007). The 

https://www.mdpi.com/search?authors=Edward%20J.%20Calabrese&orcid=
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jargin%20SV%5BAuthor%5D&cauthor=true&cauthor_uid=29607734
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shibamoto%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=30104556


radiation-induced bystander effect is elicited by agents and factors released by cells exposed to 

radiation (Sokolov and Neumann, 2018); reactive oxygen and nitrogen species are reasonable example 

of such agents. The study (Jella et al., 2018) demonstrates that the bystander effects can occur in cells 

exposed to media from irradiated cells. Chemistry and biology of ROS effects in signaling or stress 

responses is under consideration now (Dickinson and Chang, 2011; Zakhvataev, 2016).

Microorganisms are basic and simplest part of water ecosystems, contributing notably to 

ecosystem balance. Metabolic products of aquatic microorganisms may influence all water inhabitants. 

Marine luminous bacteria are proper bio-objects for study biological effects of radiation, with 

particular attention to their metabolites. In aerobic environments, bacteria form ROS endogenously 

through the reaction between O2 and electron donors, such as metal centers, dihydroflavin, etc. It is 

known that peroxide derivatives of flavin molecule are native intermediate compounds of the bacterial 

bioluminescence reaction (Nemtseva and Kudryasheva, 2007; Lee et al., 2019). It was suggested that 

oxygen-detoxifying function provided  the emergence of many bioluminescent systems, including 

bacterial bioluminescent one (Rees et al., 1998). This suggestion presents an additional argument to 

study ROS balance in radioactive bacterial environment.

Luminous marine bacteria have been used as a toxicity bioassay for several decades (Bulich and 

Isenberg, 1981; Abbas et al., 2018); mechanisms of toxic effects in bacteria are intensively studied 

(Kudryasheva, 2006; Kudryasheva and Rozhko, 2015). The tested parameter here is luminescence 

intensity; it can be easily measured instrumentally with simple physical devices. High rates of 

bioluminescence registration and simplicity of the test organism pave the way for simultaneous 

analyses of a lot of test-samples under comparable external conditions and a proper statistical 

processing. This advantage is very important for biological analyses, which are naturally characterized 

by lower reproducibility than chemical or radiometric assays. 

Tritium is usually assumed as one of the less hazardous radioisotopes. Being one of the most 

widespread radioactive isotopes; tritium is incessantly generated in top layers of the Earth atmosphere 

as a result of space irradiation; the rate of its generation is 1200 atoms·s-1·m-2 (Lenskii, 1981). In the 

Earth, tritium is mostly presented as a component of tritiated water (HTO). Traces of HTO occur in 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Sokolov%20M%5BAuthor%5D&cauthor=true&cauthor_uid=30013775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Neumann%20R%5BAuthor%5D&cauthor=true&cauthor_uid=30013775
../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../../%D0%9D%D0%B0%D0%B4%D0%B5%D0%B6%D0%B4%D0%B0/AppData/Local/Temp/Lee


natural waters; its content was evaluated as one atom per 1018 hydrogen atoms. However, after nuclear 

tests in the 1950s, it increased. Tritium is a by-product of a lot of radiochemical processes in nuclear 

industry. Currently, concentration of HTO in the World Ocean varies; its local rise takes place around 

nuclear power plants and after nuclear incidents. These are reasons why low-dose effects of tritium are 

important for investigation now. 

Tritium (T) is a beta-emitting radionuclide; its decay results in emission of electron and 

antineutrino:

𝑇 
𝛽 ‒

→  32𝐻𝑒 + +  𝑒 ‒ +  𝜈

A half-life of tritium is 12.32 years; energy of beta decay is low (18.6 keV), average energy of 

electrons is 5,7 keV. Products of tritium decay (electron and ) are able to trigger charge/electron 
He3

2

transfer chains in biochemical processes and affect a lot of charge-dependent processes in cells. 

It is supposed that products of radioactive decay of HTO are electron and ROS:

Н–О–Т → Н–О–3Не+  + ē

Н–О–3Не+ → Н-О.+ + 3Не

Н-О+ + Н2О  → [О] +. Н3О +,

where [O] is an atomic oxygen, representative of ROS. Water environment can stabilize free 

electrons (beta-particles) with hydrate complex formation. 

Last decade, our group is involved to study the effects of tritium on luminous marine bacteria. 

Paper (Selivanova et al., 2013) considered an influence of tritiated water (0.0002-200 MBq/L) on the 

bacteria and their enzymatic reactions. Bioluminescent intensity, bacterial growth, cell damage, and 

tritium accumulation were under investigation (Selivanova et al., 2013; Kudryasheva and Rozhko, 

2015). 

Current paper studies interrelations between the bioluminescence intensity (as physiological 

parameter of luminous marine bacteria) and ROS production in bacterial aquatic environment under 

chronic low-dose exposure to tritium. The ROS content was evaluated by chemiluminescence method. 

Spearman correlation coefficients were calculated to confirm dependences between bioluminescence 



intensity and ROS production. The ROS-dependent signaling mechanism of bacterial cells under 

exposure to low-intensity tritium radiation is under discussion.

2. Materials and methods 

2.1. Reagents. Intact marine luminous bacterium, strain Photobacterium phosphoreum 1883 

IBSO (Kuznetsov et al., 1996), was used. The strain was obtained from the Collection of Luminous 

Bacteria CCIBSO-836, Institute of Biophysics SB RAS, Krasnoyarsk, Russia. The NaCl preparation of 

analytical grade was applied to prepare the 3% solution for bacterial bioluminescence measurements. 

The bacteria were cultivated at 22 С, pH 7.2-7.4 on a semisynthetic nutrient medium (1 L 

distilled water, 30 g NaCl,  1g KH2PO4, 0.5 g (NH4)2HPO4, 0.2 g MgSO4·7H2O, 10 g 

Na2HPO4·12H2O, 3 g glycine, 5 g peptone). 

Reagents for chemiluminescence measurements were the following: luminol from Sigma-

Aldrich, hydrogen peroxide solution (Н2О2) from Tula Pharmaceutical Factory, Russia, K3[Fe(CN)6] 

from Khimreaktiv, Russia. The reagents were of chemical grade.

2.2. Bacterial bioluminescence measurements

The bacterial suspensions were exposed to low-dose radiation of tritium. Tritiated water, HTO, 

was used as a source of tritium. To imitate marine environment for bacterial cells and to balance 

osmotic processes, the 3% NaCl solutions were used. Bioluminescence kinetics of the bacterial 

samples was studied in tritium-free bacterial samples (control) and in HTO. 

Control (non-radioactive) and radioactive bacterial suspensions were prepared as follows:

Radioactive samples: 10 μl of bacterial suspentions were added to 30 μl of the HTO in 3% 

NaCl solution. Specific HTO radioactivities in the bacterial suspensions were 0.03, 4, and 500 

MBq/L.

Control samples: 10 μl of non-radioactive (control) suspentions were added to 30 μl of 3% 

NaCl solution.

To investigate chronic effects of the low-level beta-radiation of tritium on bacterial 

bioluminescence, radioactive and control samples of bacterial suspensions were maintained at +4 C. 

The bioluminescence kinetics measurements went on for 52 h until the bioluminescent intensity in the 



control samples decreased to 20% of the initial one. Measurements of the bioluminescence intensity 

were carried out using standard procedure (Kuznetsov et al., 1996; Kudryasheva et al., 1998). 

Bioluminescence intensities of control and radioactive samples were measured at room temperature 

and compared. Experimental error of the bioluminescence measurements did not exceed 1-2%.

Bioluminescence intensity was registered by Luminoskan Ascent (Thermal Fisher Corp.). All 

measurements were carried out at 20 C. 

2.3. Chemiluminescence measurements

To study ROS content in experimental solutions, the calibration dependence was preliminary 

determined as chemiluminescence intensity vs. Н2О2 concentration. Concentration of aqueous alkaline 

luminol solution was 10-4М. The chemiluminescence reaction was initiated by 10-3M K3[Fe(CN)6] 

solution. 

Maximal chemiluminescence intensity was determined in 3% NaCl solutions and in bacterial 

suspensions (control and radioactive) after bioluminescence measurements. Luminol solution was 

added to the 3% NaCl solutions or bacterial samples. Chemiluminescence reaction was initiated by 75 

μl solution of K3[Fe(CN)6] through the injection system. Experimental error of the chemiluminescence 

measurements did not exceed 10%. Chemiluminescence intensity was used to calculate ROS content in 

the experimental solutions via the calibration dependence. 

Chemiluminescence intensity was registered by Luminoskan Ascent (Thermal Fisher Corp.). 

All measurements were carried out at room temperature. 

2.4. Statistical processing

To evaluate correlations between bioluminescence signal and ROS concentrations, statistical 

dependence between the rankings of two variables was analyzed (Gmurman et al., 1968), Spearman's 

rank correlation coefficients r were calculated. The application of this method was justified with a lack 

of normal distribution of bioluminescence intensity and ROS content, as well as moderate kit of data 

set.

3. Results and discussion

https://en.wikipedia.org/wiki/Correlation_and_dependence
https://en.wikipedia.org/wiki/Correlation_and_dependence
https://en.wikipedia.org/wiki/Ranking
https://en.wikipedia.org/wiki/Variable_(mathematics)#Applied_statistics


Earlier (Selivanova et al., 2013), a peculiar response of luminous marine bacteria to tritium (as 

a component of tritiated water, HTO) was revealed: absence of a monotonic dependence of 

luminescence response on tritium activity concentration was demonstrated under conditions of chronic 

low-dose exposures (< 0.03 Gy). The absence of monotonic dependence was found in a wide range of 

tritium concentrations (four orders), in suspensions of both intact and lyophilized bacteria. Basing on 

this result, we chose three activity concentrations of tritium in the four-order concentration range 

(0.03, 4, and 500 MBq/L) and compared time-courses of the bioluminescence response and ROS 

content in the bacterial suspensions. Maximum time of exposure to HTO corresponded to 0.08 Gy; this 

dose did not exceed a tentative low-dose limit. 

3.1. Effect of tritium on biological luminescence of marine bacteria

Bacterial bioluminescence response to tritium exposure is shown in Figure 1. It is evident that 

HTO increases bioluminescence intensity about three times, as compared to the control bacteria 

sample. Inhibition of the bacterial bioluminescence was not observed in these experiments. 

Detailed analysis of low-dose effect of tritium on luminescence of marine bacteria was 

conducted earlier (Selivanova et al., 2013; Kudryasheva and Rozhko, 2015). Luminescence was 

considered there as physiological parameter, along with bacterial growth (Alexandrova et al., 2010). 

All the effects of tritium corresponded to hormesis (i.e. non-linear) model of dose-effect dependence 

(Calabrese, 2018; Jargin, 2018; Shibamoto and Nakamura, 2018). Activation of the bacterial 

bioluminescence by tritium was demonstrated in several experiments.  Bi-phasic time dependence 

(activation+ inhibition) was found in (Selivanova et al., 2013; Selivanova et al., 2014); and mono-

phasic dependence (activation only) was found in (Rozhko et al., 2017; Rozhko et al., 2016). Current 

experiment (Fig.1) demonstrated mono-phasic dependence of bioluminescence intensity on time of 

exposure to tritium. 

Probably, genetic mechanisms are not responsible for the bioluminescence activation due to 

the quick bacterial response to tritium. Additionally, sequence analysis did not reveal mutations in 

bacterial DNA under conditions of low-dose exposure to tritium (Rozhko et al., 2017); experiments 

with tritium-labeled films showed that activation of the bacterial bioluminescence can take place 

https://www.mdpi.com/search?authors=Edward%20J.%20Calabrese&orcid=
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jargin%20SV%5BAuthor%5D&cauthor=true&cauthor_uid=29607734
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shibamoto%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=30104556
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nakamura%20H%5BAuthor%5D&cauthor=true&cauthor_uid=30104556


without penetration of tritium to the bacterial cells; these results were concerned with 

“intensification of trans-membrane cellular processes stimulated by ionization and radiolysis of 

aqueous media”  (Rozhko et al., 2016).

Fig.1 shows that the bioluminescence intensity was similar for three activity concentrations of 

tritium during all time of observation; with this confirming the results obtained earlier (Selivanova et 

al., 2013). 

Independency of the bioluminescence intensity on tritium concentration requires a special 

consideration. Probably, bioluminescence intensity in HTO is upper-limited by low concentration of 

bacterial cells (3•107 cells/mL). A special question is an interaction of tritium decay products with 

bacterial cells. Taking into consideration the concentration of cells and a number of par-ions in the 

tritium decay (up to 200 ions and/or excited molecules), we calculated the numbers of par-ions per 

cell: 3.33, 0.0266, 0.0002 par ions/(cell•s) for tritium activity concentrations 500000, 4000, 30 Bq/mL, 

respectively. Such a low value of par-ions per cell suggests a specific mechanism of tritium influence 

on the cells. Probably, products of tritium decay can function as “triggers” for intensification the 

metabolic oxygen-dependent processes in several cells, followed by the intracellular ROS production. 

These ROS being released to environment are supposed to serve as specific signaling molecules for 

other cells (so called “bystander effect”). Hence, ROS, which are constantly produced by the bacterial 

cells in the processes of their aerobic functioning, are proper candidates for intercellular messengers in 

the low-intensity tritium environment. Since low-intensity tritium exposure does not increase 

noticeably the ROS content in bacteria-free media (Selivanova et al., 2014), non-biological production 

of ROS can be hardly responsible for this effect. This aspect of ROS production will be discussed in 

the next sections.

It has been shown for human cells (Kadhim et al., 2004; Shao et al., 2003; Lyng et al., 2002) 

that the bystander effect can be induced by even one cell in a thousand-cell-population; it does not 

depend on a number of initially induced cells (one cell or 50% of cells).

Additionally, it should be paid attention that the absence of dose-response dependency is in 

accordance with a concept on “stochasticity” of low-dose radiobiological effects (Vasilenko and 



Vasilenko, 2001). This concept assumes involvement of free radicals and ROS to the radiobiological 

responses.

To confirm the hypothesis on ROS involvement into the activation of the bacterial 

bioluminescence by tritium, the bioluminescence response (Fig.1) was compared to the ROS content in 

bacterial suspensions, as presented in the following Section. 

3.2. Content of Reactive Oxygen Species in bacterial suspensions in HTO

ROS content was studied in control and radioactive bacterial suspensions. Preliminary, ROS 

content was studied in 3% NaCl bacteria-free solutions that are usually used to imitate the marine 

environment and to balance osmotic processes in the bacteria cells. Negligible concentration of ROS in 

3% NaCl bacteria-free solutions is evident from Fig. 2A. 

Additionally, Fig. 2A demonstrates that bacterial suspension produces ROS in non-radioactive 

solutions: concentration of ROS in the bacterial suspension (control) was about one order higher than 

that in 3% NaCl solution. This result is in accordance with an actual conception on continuous 

generation of ROS by all living organisms and cells in the metabolic redox processes (Suzen et al., 

2017). 

ROS content in bacteria-free 3% NaCl solution was studied in the presence of HTO. Figure 2 

demonstrates that addition of HTO to the bacteria-free solution did not increase amount of ROS at 

three HTO radioactivities used (0.03, 4, and 500 MBq/L); the ROS content was low in all radioactive 

and non-radioactive bacteria-free NaCl solutions (compare Fig.2A and Fig.2B). 

Low concentrations of ROS in bacteria-free HTO in the activity concentration range of 0.002– 

250 MBq/L were reported earlier (Selivanova et al., 2014). This paper compared ROS content in 

bacteria-free HTO and in solutions of 241Am(NO3)3, alpha-emitting radionuclide of high specific 

radioactivity. In contrast to tritium, a significant excess of ROS and dependence of ROS content on 

241Am concentration were demonstrated in bacteria-free aquatic environment (Alexandrova et al., 

2011; Kudryasheva and Rozhko, 2015). The differences can be explained with different energy of 

radioactive decay of 241Am and tritium (5637.8 and 18.6 keV (Audi et al., 2003), respectively). The 



results, current and previous, show that low-intensity tritium radiation (< 500 MBq/L) cannot provide 

noticeable ROS production in bacteria-free water solutions under conditions of the experiment. 

Addition of HTO to bacterial suspension increased amount of ROS significantly: Fig.2B 

demonstrates the 3-time rise of ROS content, as compared to non-radioactive bacterial suspension 

(control, Fig.2A). There exists evidence in the paper by Hasler (Hasler et al., 2017) that tritiated water 

can stimulate production of ROS in the other bacteria type, Pseudendoclonium basilense (bacterial 

strain from stagnant water bodies). 

It should be paid attention that ROS contents were similar for three activity concentrations of 

HTO (0.03, 4, and 500 MBq/L) with the difference about four orders between the minimal and the 

maximal ones, Fig.2B. As evident, the effect of tritium on ROS content is similar to this on the 

bioluminescence of the bacteria (Fig.1).

3.3. Correlations between bioluminescence intensity and ROS content

Spearman rank correlation coefficients r were calculated between bacterial bioluminescence 

intensity and ROS content in non-radioactive (control) and radioactive bacterial suspensions. The r-

values are presented in Table 1.

The results reveal a high positive correlations (r > 0.7) between bacterial bioluminescence 

intensity and ROS content in all bacterial environments, control and radioactive. The differences 

among all r values (Table 1) are statistically insignificant; so we can suppose that processes of the 

same probabilistic character are responsible for these correlations in all four bacterial environments, 

i.e. similar bacterial metabolic processes take place in non-radioactive and radiative environments. 

We can conclude that activation of bacterial bioluminescence physiological function by tritium 

is related with ROS production in the bacterial environment. Since the rates of ROS production in 

bacteria-free HTO are low, the rise of the ROS production in bacterial suspensions is a result of 

intensification of the metabolite oxygen-dependent processes in the bacterial cells.

Hence, peculiarities of HTO effect on the luminous bacteria cells at low-dose chronic exposures 

are the following: 

1. Low ROS content in bacteria-free aquatic environment;



2. Activation of the bacterial bioluminescence function and increase of ROS content;

3. Correlations between bioluminescence intensity and ROS content;

4. Independence of bioluminescence intensity and ROS content on activity concentration 

of tritium.

These peculiarities might be attributed to:

1. Low energy of tritium radioactive decay;

2. Trigger function of products of tritium decay in bacterial metabolic oxygen-dependent 

processes, with the bioluminescence process involved. Involvement of several cells to the 

initial activation by tritium; 

3. Signaling role of ROS as intercellular messengers for “bystander effect” in the bacterial 

suspension;

4. Fixed amount of bacterial cells provided the upper limit of the bioluminescence 

intensity and ROS content.

4. Conclusion

We confirmed in this paper, that rates of ROS production are low in highly-diluted tritiated 

water. This result can be explained by low energy radioactive decay of tritium. However, exposure of 

marine bacteria to low-dose tritium irradiation increases ROS content in the bacterial environment 

considerably. We demonstrated that the rise of ROS concentration correlates with the intensification of 

physiological bioluminescence process in the bacteria during the bacterial lifetime. The effects can be 

explained by (1) “trigger” function of products of tritium decay for bacterial metabolic oxygen-

dependent processes (involving bioluminescence), and (2) signaling role of ROS in “bystander effect” 

in the bacterial suspension. The ROS serve as intercellular messengers in the latter process.

In spite of low energy of tritium decay, its influence on living organisms in low-activity water 

environment might be considerable. The mechanism of tritium influence on aquatic biota can be 

concerned with secondary processes, i.e. production of excess amount of ROS by microorganisms due 

to intensification of their cellular metabolic processes. The extra content of ROS can produce either 

positive or negative effects on water inhabitants. Rise of ROS content should be always taken into 



consideration under conditions of tritium contaminations in World Ocean, as well as in rivers, lakes, 

and other natural water ecosystems.

Acknowledgments: This work was supported by the grants of RFBR and Krasnoyarsk 

Regional Foundation N 18-44-240004, N 18-44-242002

Abbas, M., Adil, M., Ehtisham-Ul-Haque, S., Munir, B., Yameen, M., Ghaffar, A., Shar, G.A., 

Asif Tahir, M., Iqbal, M., 2018. Vibrio fischeri bioluminescence inhibition assay for ecotoxicity 

assessment: A review. Sci. Total Environ. 626, 1295–1309. DOI: 10.1016/j.scitotenv.2018.01.066.

Alexandrova, M., Rozhko, T., Badun, G., Bondareva, L., Vydryakova, G., Kudryasheva, N., 

2010. Effect of tritium on growth and lumuninescence of P. phosporeum. Luminescence 25, 125–126. 

Alexandrova, M., Rozhko, T., Vydryakova, G., Kudryasheva, N., 2011. Effect of americium-

241 on luminous bacteria. Role of Peroxides. J. Environ. Radioact. 102, 407–411.

Alfadda, A.A., and Sallam, R.M., 2012. Reactive oxygen species in health and disease. J. 

Biomed. Biotechnol. 14. DOI: 10.1155/2012/936486. 

Aprioku, J.S., 2013. Pharmacology of free radicals and the impact of reactive oxygen species 

on the testis. J. Rep. Infert. 14, 158–172.

Audi, G., Wapstra, A.H., Thibault, C., 2003. The AME2003 atomic mass evaluation (II). 

Tables, graphs, and references. Nuclear Physics A. 729, 337–676. 

DOI:10.1016/j.nuclphysa.2003.11.003.

Azzam, E.I., Jay-Gerin, J.P., and Pain, D., 2012. Ionizing radiation-induced metabolic oxidative 

stress and prolonged cell injury. Cancer Lett. 327, 48–60. DOI:10.1016/j.canlet.2011.12.012.

Brynildsen, M.P., Winkler, J.A., Spina, C.S., MacDonald, I.C., Collins, J.J., 2013. Potentiating 

antibacterial activity by predictably enhancing endogenous microbial ROS production. Nat. 

Biotechnol. 31, 160–165. DOI:10.1038/nbt.2458.    

Bulich, A.A., Isenberg, D.L., 1981. Use of the luminescent bacterial system for rapid 

assessment of aquatic toxicity. ISA Trans. 20, 29–33.



Calabrese, E.J., 2018. Hormesis: Path and Progression to Significance. Int. J. Mol. Sci. 19, 

2871. https://doi.org/10.3390/ijms19102871. 

Dickinson, B.C., Chang, C.J., 2011. Chemistry and biology of reactive oxygen species in 

signaling or stress responses. Nat. Chem. Biol. 7, 504–511. DOI: 10.1038 / nchembio.607. 

Ezraty, B., Gennaris A., Barras F., Collet J.F., 2017. Oxidative stress, protein damage and 

repair in bacteria. Nat. Rev. Microbiol. 15, 385–396.

Gmurman, V.E., Berenblut, I.I., 1968. Fundamentals of probability theory and mathematical 

statistics. American Elsevier Pub. Co.

Griendling, K.K., Touyz, R.M., Zweier, J.L., Dikalov, S., Chilian, W., Chen, Y.R., Harrison, 

D.G., Bhatnagar, A., 2016. Measurement of reactive oxygen species, reactive nitrogen species, and 

redox-dependent signaling in the cardiovascular system: A scientific statement from the American 

Heart Association. Circ. Res.119, 39–75.                   

Hancock, J.T., Desikan, R., Neill, S.J., 2001. Role of reactive oxygen species in cell signaling 

pathways. Biochemical and biomedical aspects of oxidative modification. 29, 345–350.

Hasler, P., Ondrej, V., Svecarova, M., Sedlarova, M., Vaidova, B., Poulickova, A., Ha, L.A., 

2017. Tritium influence on morphology, reactive oxygen species production and catalase gene 

expression in Pseudendoclonium basilense and Stigeocloniumnanum (Chlorophyta). Fottea 17, 127–

135. DOI: 10.5507/fot.2017.012.

Hybertson, B.M., Gao, B., Bose, K.S., McCord, J.M., 2011. Oxidative stress in health and 

disease: The therapeutic potential of Nrf2 activation. Mol. Asp Med. 32, 234–246.

Imlay, J.A., 2013. The molecular mechanisms and physiological consequences of oxidative 

stress: lessons from a model bacterium. Nat. Rev. Microbiol. 11, 443–454.

Jargin, SV., 2018. Hormesis and radiation safety norms: Comments for an update. Hum. Exp. 

Toxicol. 37, 1233–1243. DOI: 10.1177/0960327118765332. 

Jella, K.K., Moriarty, R., McClean, B., Byrne, H.J., Lyng, F.M., 2018. Reactive oxygen species 

and nitric oxide signaling in bystander cells. PLoS One. 13. DOI: 10.1371/journal.pone.0195371.



Kadhim, M.A., Moore, S.R., Goodwin, E.H., 2004.  Interrelationships amongst radiation-

induced genomic instability, bystander effects, and the adaptive response. Mutation Res., 568, 21–32.

Kashmiri, Z.N., Mankar, S.A., 2014. Free radicals and oxidative stress in bacteria.  Int. J. Curr. 

Microbiol. App. Sci. 3, 34–40.

Kudryasheva, N.S., 2006. Bioluminescence and exogenous compounds. Physico-chemical basis 

for bioluminescent assay. J. Photochem. Photobiol. B-Biol. 83, 77–86.              

Kudryasheva, N., Kratasyuk, V., Esimbekova, E., Vetrova, E., Kudinova, I., 1998. 

Development of the bioluminescent bioindicators for analyses of pollutions. Field Anal. Chem. Tech. 

2, 277.

Kudryasheva, N.S., Rozhko, T.V., 2015. Effect of low-dose ionizing radiation on luminous 

marine bacteria: radiation hormesis and toxicity. J. Environ. Radioact. 142, 68–77.

Kuznetsov, A.M., Rodicheva, E.K., Shilova, E.V., 1996. Bioassay based on lyophilized 

bacteria. Biotekhnologiya 9, 57–61 (in Russian).

Lee, J., Müller, F., Visser, A.J.W.G., 2019. The Sensitized Bioluminescence Mechanism of 

Bacterial Luciferase, Photochemistry and photobiology. https://doi.org/10.1111/php.13063.

Lenskii, L.A., 1981. Physicc and chemistry of tritium (in Russian). Energolzdat, Moscow.

Lyng, F.M., Seymour, C.B., Mothersill, C., 2002. Early events in the apoptotic cascade initiated 

in cells treated with medium from the progeny of irradiated cells. Radiat. Prot. Dosimetry, 99, 169–

172. https://doi.org/10.1093/oxfordjournals.rpd.a006753.

Matsumoto, H., Hamada, N., Takahashi, A., Kobayashi, Y., Ohnishi, T.J., 2007. Vanguards of 

paradigm shift in radiation biology: radiation-induced adaptive and bystander responses. J. Radiat. 

Res. 48, 97-106.

Nemtseva, E.V., Kudryasheva, N., 2007. The mechanism of electronic excitation in bacterial 

bioluminescent reaction. Uspekhi Khimii 76, 101–112.

Rees, J.F., Noiset, O., de Wergifosse, B., Dubuisson, M., Janssens, B., Thompson, E.M., 1998. 

The origins of marine bioluminescence: Turning oxygen defense mechanisms into deep-sea 

communication tools. J. Exp. Biol. 201, 1211–21.



Rozhko, T.V., Badun, G.A., Razzhivina, I.A., Guseynov, O.A., Guseynova, V.E., Kudryasheva, 

N.S., 2016. On mechanism of biological activation by tritium. J. Environ. Radioact. 157, 131–135. 

DOI: 10.1016/j.jenvrad.2016.03.017.    

Rozhko, T.V., Guseynov, O.A., Guseynova, V.E., Bondar, A.A., Devyatlovskaya, A.N., 

Kudryasheva, N.S., 2017. Is bacterial luminescence response to low-dose radiation associated with 

mutagenicity? J. Environ. Radioact. 177, 261–265.

Selivanova, M.A., Mogilnaya, O.A., Badun, G.A., Vydryakova, G.A., Kuznetsov, A.M., 

Kudryasheva, N.S., 2013. Effect of tritium on luminous marine bacteria and enzyme reactions. J. 

Environ. Radioact. 120, 19–25.

Selivanova, M.A., Rozhko, T.V., Devyatlovskaya, A.S., Kudryasheva, N.S., 2014. Comparison 

of chronic low-dose effects of alpha- and beta-emitting radionuclides on marine bacteria. Cent. Eur. J. 

Biol. 9, 951–959.

Shao, C., Stewart, V.,. Folkard, M., et al., 2003. Nitric oxide-mediated signaling in the 

bystander response of individually targeted glioma cells. Cancer Res., 63, 8437–42.

Shibamoto, Y., Nakamura, H., 2018. Overview of biological, epidemiological, and clinical 

evidence of radiation hormesis. Int. J. Mol. Sci. 19. DOI: 10.3390/ijms19082387.

Smith, J. T., Willey, N. J., and. Hancock, J. T., 2012. Low dose ionizing radiation produces too 

few reactive oxygen species to directly affect antioxidant concentrations in cells.  Biol. Lett. 8, 594-

597. doi.org/10.1098/rsbl.2012.0150.

Smith, R.W., Wang, J., Schultke, E., Seymour, C.B., Brauer-Krisch, E., Laissue, J.A., et al., 

2013.  Proteomic changes in the rat brain induced by homogeneous irradiation and by the bystander 

effect resulting from high energy synchrotron X-ray microbeams. Int. J. Radiat. Biol., 89, 118–27.

Sokolov, M., Neumann, R., 2018. Changes in gene expression as one of the key mechanisms 

involved in radiation-induced bystander effect. Biomed. Rep. 9, 99–111. DOI: 10.3892/br.2018.1110.

Suzen S., Gurer-Orhan Hand., Saso L., 2017. Detection of reactive oxygen and nitrogen species 

by electron paramagnetic resonance (EPR) technique. Molecules 22, 181. 

DOI:10.3390/molecules22010181.



Vasilenko, I.Ya., Vasilenko, O.I., 2001. Radiation risk when exposed to small doses is 

negligible. Atomic Energy Bulletin, 34-37.

Winterbourn, C.C., 2008. Reconciling the chemistry and biology of the reactive oxygen species. 

Nat. Chem. Biol. 4, 278–86. DOI: 10.1038 / nchembio.85.

Zakhvataev, V.E., 2016. Stress-induced bystander signaling as a possible factor contributing to 

neuronal excitability and seizure generation/epileptogenesis. Med. Hypotheses 90, 57–62.



Figure captions:

Fig.1. Bacteria bioluminescence kinetics in HTO for control and radioactive samples. Activity 

concentrations: 1 – 0.03 MBq/L; 2 – 4 MBq/L; 3 – 500 MBq/L. 

Fig.2. ROS content in: A – control bacterial suspensions and bacteria-free 3% NaCl solutions in 

the absence of HTO; B – bacterial suspensions and bacteria-free 3% NaCl solutions in HTO: 1– 0.03 

MBq/L; 2 – 4 MBq/L; 3 – 500 MBq/L.







r

control 1 2 3

0,891 0.830 0.903 0.897

Table.1. Spearman correlation coefficients r between bacterial bioluminescence intensity and ROS 
content in non-radioactive (control) and radioactive (1, 2, 3) bacterial suspensions. Activity 
concentration of tritium: 0.03 MBq/L (1), 4 MBq/L (2). and 500 MBq/L (3).



Bystander effect via signaling function of Reactive Oxygen Species (ROS) is a possible 
mechanism of low dose effect of tritium on luminous marine bacteria


